Two recent genome-wide association studies (GWAS) identified three common variants in SMAD7 (rs4464148, rs4939827 and rs12953717) that confer modest susceptibility to colorectal cancer. Here, we replicated the association of rs4464148 with colon cancer in a population-based case-control study (561 cases and 721 controls). Compared with the TT genotype, those with CT and CC had an adjusted odds ratio (OR) and 95% confidence interval of 1.06 (0.82-1.38) and 1.86 (1.17-2.96), respectively (P trend 5 0.04). However, stratified analyses revealed that this association was limited to women only [OR 5 1.25 (0.88-1.78) for CT and OR 5 2.76 (1.53-4.98) for CC, P trend 5 0.002, P interaction 5 0.08], which was not noted in any GWAS. Similarly, we found evidence for association with both rs4939827 and rs12953717 in women only (P 5 0.007 in dominant rs4939827 model and P 5 0.015 in recessive rs12953717 model), but not in men (P > 0.05) and evidence of an interaction with gender (P 5 0.015 for rs4939827 and P 5 0.061 for rs12953717). Similar effect modification was found in haplotype analyses. Our data add evidence supporting these genetic variants as markers predisposing to colon cancer, specifically in women.
Introduction
The transforming growth factor beta (TGF-b) signaling pathway plays an important role in cancer initiation and progression (1) . This pathway regulates inflammation and exhibits tumor suppressor properties in the early stages of tumorigenesis and pro-oncogenic properties in later stages (2, 3) . It has been reported that increased TGF-b1 expression correlates with tumor progression and recurrence in colorectal cancer (4) . The importance of the TGF-b pathway in colorectal cancer has also been shown through the discovery of somatic mutations in TGFBR2, SMAD2 and SMAD4 as well as the association of a germ line variant in TGFBR1 (4).
SMAD7 is an inhibitory SMAD and a negative regulator of the TGF-b signaling pathway that promotes the anti-inflammatory effects of TGF-b signaling via binding to TAB2 and TAB3 and inhibiting TAK1 (5) . Although SMAD7 has been shown to induce hepatic metastasis in colorectal cancer (6) , its role in cancer development, particularly colorectal cancer, has not been fully explored.
Several genetic variants within SMAD7, located on chromosome 18, have recently been reported to be associated with colorectal cancer in two genome-wide association studies (GWAS) (7, 8) . In both studies, a highly significant association with colorectal neoplasia was found for a single nucleotide polymorphism (SNP) in intron 3 of SMAD7, rs4939827, and a nearby, intronic SNP rs12953717. Broderick et al. (7) additionally found a significant association for intronic SNP rs4464148. We reported here associations of these SNPs with risk of colon cancer in a population-based case-control study and further explored potential effect modification by age, gender and family history of colorectal cancer.
Materials and methods

Study population
The details of study design and data collection methods have been described elsewhere (9) . Briefly, 561 incident colon cancer cases diagnosed within 6 months prior to recruitment were systematically enrolled through the population-based Surveillance, Epidemiology and End Results Kentucky Cancer Registry and 721 population controls were recruited from the state of Kentucky through randomdigit dialing. Controls were required to be 30 years or older, free of known cancer (except non-melanoma skin cancer), inflammatory bowel diseases, family history of familial adenomatous polyposis and hereditary non-polyposis colorectal cancer. We generated a list of four-digit random numbers and combined them with the area codes and prefix (first three digits of phone number) of the cases and systematically dialed these numbers to recruit controls representative of the general population of Kentucky rather than matched to the cases.
After informed consent, the subjects were arranged to go to a nearby medical facility for blood draw after overnight fasting. The blood samples were shipped overnight to the research laboratory at Case Western Reserve University with a frozen ice pack and immediately processed and stored frozen at À80°C until DNA extraction. Each participant then received a risk factor questionnaire developed by the National Cancer Institute Colon Cancer Familial Cancer Registry (http://epi.grants.cancer.gov/documents/CFR/center_questionnaires/ Colon/LA/ColonRiskFactor_USC.pdf) to record detailed information on family history of colorectal cancer, lifestyle and behavioral risk factors. The response rates were 72.2% for the cases and 62.5% for eligible controls. The study was approved by the Institutional Review Boards of the University of Kentucky, Lexington, and Case Western Reserve University/University Hospitals of Cleveland.
We defined a positive family history of colorectal cancer when the participant reported colorectal cancer in one or more first-degree relatives on the risk factor questionnaire. Age was defined as age at colon cancer diagnosis for cases and age at recruitment for controls. Body mass index was calculated based on self-reported current weight (kg) divided by height in meters squared (kg/m 2 ). Regular non-steroidal anti-inflammatory drug (NSAID) use was defined as self-reported use of ibuprofen or aspirin at least twice a week for 6 months or longer.
Genotyping
Genomic DNA was extracted from frozen buffy coat aliquots using the Biorobot EZ1 (Qiagen, Valencia, CA) and quantitated using the Quant-It picogreen kit (Invitrogen, Carlsbad, CA). The Taqman allelic discrimination assay was used for genotyping. Assays were performed in 384-well plates with 1.25 ng of genomic DNA, specific primer/probe set and RealMasterMix Probe þ ROX (5 Prime) according to the manufacturer's instructions. Predesigned primer/probe sets were used for rs4939827 (C_27913406_10), rs4464148 (C_27989234_10) and a custom designed set for rs12953717 (Applied Biosystems, Carlsbad, CA) (sequence for custom set provided on request). The 7900HT Sequence Detection System with SDS 2.2 software from Applied Biosystems was used to read the assays and assign genotypes. The no call rate for rs4939827 was 21 (1.6%), 2 for rs4464148 (0.16%) and 3 for rs12953717 (0.23%). For quality assurance, laboratory personnel were blinded to the casecontrol status of all samples, and two percent of the samples were independently re-genotyped. The concordance call rate was 100% in our study.
Statistical methods
We evaluated the association for each of the SMAD7 genotypes and haplotypes using unconditional logistic regression models under unrestricted, additive, dominant and recessive genetic modes of inheritance. In all analyses, the lower frequency allele was coded as the 'risk' allele. For the additive model, individuals were assigned a 0, 1 or 2 representing the number of risk alleles they possessed for that SNP. For the dominant model, individuals were coded as 1 if
Abbreviations: CI, confidence interval; GWAS, genome-wide association studies; NSAID, non-steroidal anti-inflammatory drug; OR, odds ratio; SNP, single nucleotide polymorphism; TGF-b, transforming growth factor beta.
Ó The Author 2009. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org 982 they carried at least 1 risk allele and 0 otherwise; for the recessive model, individuals were coded as 1 if they were homozygous for the risk allele (two copies) and 0 otherwise.
Since we do not 1:1 match our controls to cases, and, on average, our controls were slightly younger than the cases, we statistically adjusted for age in our base models. In our full models, we additionally controlled for sex, race, family history of colorectal cancer, body mass index and NSAID use.
We further explored potential effect modification by age, stratified on the median age of the cases ( 65 years or .65 years), as well as gender, and family history of colorectal cancer with each SNP. For each effect modification, we added the main effect of the best fitting (lowest P-value) SNP model (additive, dominant or recessive) and the categorical effect modifier (young versus old, male versus female, positive versus negative family history of colorectal cancer) as well as a multiplicative term of these two variables to the logistic regression.
Due to the physical proximity of the SNPs, we also inferred haplotypes using DECIPHER (10), which implements a maximum likelihood method to estimate the most likely haplotypes for each individual. Since over 98% of the participants had a probability of 95% or higher for each of the inferred haplotypes, we chose the most likely combination of haplotypes for each individual. Four haplotypes had a population frequency of 5% or higher and were included in haplotype association analyses. We created a variable corresponding to the number of copies (0, 1 or 2) of each of the four haplotypes inferred for each individual and used them in the logistic regression analyses.
Statistical significance was assessed via both Wald test and likelihood ratio test comparing full and reduced models (i.e. with and without the cross-product term). All P-values reported here are two sided. All analyses were undertaken using SAS software (version 9.1; SAS Institute, Cary, NC). To account for potential bias due to population stratification, we also repeated the analyses after restricting to Caucasians (93.9% of the sample).
Results
All three SNPs conformed to Hardy-Weinberg proportions in the controls (P . 0.1). The majority of our study sample are Caucasians (93.9%), consistent with the general population of Kentucky. Association results were very similar when using the entire sample or when restricting to Caucasians only. For brevity, all results reported in the tables here are for the entire study population. Table I summarizes the descriptive characteristics and allele frequencies.
The rs4464148 CC genotype was strongly associated with colon cancer in both crude and adjusted analyses (Table II) . The odds ratio (OR) estimates we observed were very similar to those reported by Broderick et al. (6) . However, our stratified analyses revealed that this association was largely limited to women in a monotonic, gene-dose response manner (P trend 5 2.2 Â 10 À3 ), with an almost 3-fold increase of risk for women homozygous for the C allele (OR 5 2.76, CI 5 1.53-4.98). The recessive model showed an approximately equal fit (P 5 1.7 Â 10 À3 ). A test for interaction of rs4464148 (using the best fitting recessive genetic model) with gender was marginally significant (P 5 0.081 in the full model). The results were very similar in the Caucasian-only analyses (P trend 5 2.3 Â 10 À3 in women; OR 5 2.87, CI 5 1.57-5.26 for additive model, P recessive 5 1.3 Â 10 À3 ; P interaction 5 0.055). This gender-specific effect was not reported in the original GWAS (6) .
In contrast to the two GWAS analyses, we found no association of rs4939827 with colon cancer in our overall study population nor when limited to Caucasians (data not shown). However, as with rs4464148, we observed a substantial gender difference in disease association in stratified analyses. In women, the rs4939827 C allele was statistically significantly associated with a decreased risk of colon cancer in a gene-dose response manner (P trend 5 0.041). This is consistent with the overall analyses from both GWAS (7, 8) . In contrast, a statistically significant increase of risk was observed in the crude analysis in men; further adjustment for other covariates reduced the OR to nonsignificance. Test for interaction revealed significant effect modification by gender (P interaction 5 0.015 using the best fitting dominant genetic model). As with the other SNPs, we obtained very similar results in the Caucasian-only analyses (P interaction 5 0.012). Tenesa et al. (8) reported no evidence for such a gender differential effect in their GWAS analysis for this SNP.
For rs12953717, we again observed an appreciable gender difference that was not observed by others (8), with statistically significant increased risk among women homozygous for the A allele, but nonsignificant decrease of risk among men. The recessive genetic model was the best fitting model, particularly in the women (P 5 0.015), and test for interaction suggested potential effect modification by gender (P interaction 5 0.061 in the entire sample; P interaction 5 0.040 in Caucasians only). This is in contrast to the additive models suggested by both Broderick et al. (7) and Tenesa et al. (8) . The genderspecific effect was not reported for this SNP in either original GWAS (7, 8) .
None of these three SNPs showed evidence of interaction with age or family history of colorectal cancer (data not shown).
The three SNPs are physically close and are highly correlated in our sample (D# 5 0.92 between rs4939827 and rs12953717, D# 5 0.83 between rs12953717 and rs4464148 and D# 5 0.79 between rs4939827 and rs4464148). We estimated four haplotypes with a frequency .5% in our study population (Table III) . Consistent with our SNP analyses, one rs4939827-rs12953717-rs4464148 haplotype OR and 95% CI estimates and P-value for unconstrained genotype effect adjusted for age, race, family history of colorectal cancer, body mass index and NSAID use (479 cases and 640 controls with data available).
f P for interaction between variable and genotype via a likelihood ratio test comparing the models with and without the interaction term from best fitting model (recessive for rs4464148, dominant for rs4939827 and recessive for rs12953717). Similarly for the C-G-T haplotype, there is suggestive evidence for a gender differential effect with a borderline statistically significant inverse association in women (P 5 0.069), but not in men (P 5 0.44) (P interaction 5 0.069 in the full model).
Discussion
Due to the potential for false positives resulting from the large number of tests, replication of GWAS findings in independent study populations is an extremely important step of disease susceptibility gene discovery (11, 12) . Here, we present further evidence of SNPs in SMAD7 being risk loci for colon cancer in a relatively large population-based study sample and further note a substantial differential effect by gender that was not observed in the original GWAS (8) .
We noted an appreciable increase in OR estimates, particularly for the rs4464148 SNP, when we further adjusted for other covariates (full model) in addition to age (Table II) , suggesting confounding by one or more of the variables included in the full model. Indeed, analyses of associations of the SNPs with these additionally adjusted covariates in the controls revealed several significant correlations. Not unexpectedly, we found significant genotype frequency differences for rs12953717 (P 5 5.5 Â 10 À3 ) and borderline significant genotype frequency differences for rs4464148 (P 5 0.080) across the race groups, but did not note a difference in rs4939827 genotype frequencies between races (P 5 0.79). We also found evidence for association of NSAID use with rs4464148 (P 5 0.048) and rs12953717 (P 5 0.046), but not with rs4939827 (P 5 0.38). As such, we further adjusted for these covariates in our full models to statistically control for potential confounding and hence more accurate estimates of the OR. We did not find differences in Body mass index or family history by genotype (P . 0.1).
It is important to note that we did have a higher than usual no call rate for rs4939827 (1.6%). However, this no call rate is still fairly low and is consistent across cases (1.2%) and controls (1.7%) as well as across males (1.3%) and females (1.6%); thus, we do not expect this to significantly affect our results.
Although the mechanisms underlying possible gender-specific effects are unclear, SMAD7 is an intracellular TGF-b type 1 receptor antagonist, thereby blocking the TGF-b1 signaling pathway (13, 14) . The TGF-b1 signaling pathway functions as both a tumor suppressor in early stage cancers as well as an oncogene in advanced cancers and metastasis (2, 3) and this pathway is well known to be influenced by sex steroid hormones. Testosterone decreases TGF-b secretion in rats (15) . Estrogen increases TGF-b mRNA expression in mouse osteoblasts and osteosarcoma cells (16) , whereas estradiol treatment decreases (17) or does not change (18) TGF-b2 and TGF-b3 mRNA levels in breast cancer cell lines. While estradiol did not increase TGF-b expression levels in prostate carcinoma cell lines, an increase in TGF-b secretion was observed (18) . SMAD7 expression is increased and TGF-b signaling inhibited by gonadotropin-releasing hormone agonists in both myometrium (19) and endometrium (20) . If gonadotropin-releasing hormone or gonadal hormones influence SMAD7 expression in other tissues as well, then this is a possible mechanism for gender-specific effects of SMAD7 variants as we observed here. Further evidence for the potential for gender-specific effects comes from a study by Dixon and Maric (21) in which 17b-estradiol supplementation attenuated the decrease in SMAD7 signaling associated with diabetes in rats. It is thus conceivable that the SMAD7 genetic variants studied here may indeed exert gender differential effects on colon cancer development, although the functionality of these SNPs remains largely unknown at present.
One may also speculate that gender-specific effects that we observed may be due to the existence of some unmeasured environmental factors that are correlated with SNPs under investigation and differ between males and females in our study population, but not in the population of the study by Tenesa et al. (8) .
The TGF-b1 pathway acts in a cell type-dependent manner which further complicates predictions of its role in a given tumor type (2) . SMAD7 has been shown to be functionally involved in intestinal inflammation through TGF-b signaling (13) and to be amplified in colon cancers with poor prognosis (14) . Broderick et al. (7) observed that the risk alleles of rs12953717 and of rs4464148 were associated with lower SMAD7 mRNA expression in lymphoblastoid cell lines. Although opposite the expected result, this may reflect the effect of SMAD7 on other signaling pathways such as the Wnt pathway (7, 22) or simply that expression in the cell lines is not indicative of expression in colon cells. Thus, although the mechanism is not clear, the relevance of SMAD7 to colon cancer suggests that the observed genetic variations (or unknown causal variants in linkage disequilibrium (LD) with those reported here) are likely to affect colon cancer risk.
Confirmation of disease-genotype associations found in genomewide scans in independent populations provides strong evidence that the association is robust (11). Although we did not replicate association with colon cancer for all three SMAD7 variants in our entire study population, we found evidence of the associations of all three SNPs to colon cancer among women. Indeed, we found an opposite, although statistically insignificant, effect of the rs4939827 SNP in men. It is possible the lack of statistical significance in the men is due to the small sample size (284 cases and 266 controls) when we limit the analyses to males. Caution must be exercised in the interpretation of the gender-specific effects observed in our study population. Nevertheless, the consistency of the direction and magnitude of the associations for all three SNPs in women in our current analyses with that reported by the GWAS, and our previous replication of the GWAS association of an 8q24 SNP (rs6983267) with colon cancer risk in our study population support the validity of our observed associations (23) . Moreover, our findings of a protective effect of NSAID use (OR 5 0.78, 95% CI 5 0.61-1.00, P 5 0.05) and a positive association with family history of colorectal cancer (OR 5 1.61, 95% CI 5 1.25-2.09, P , 0.001) are in agreement with their welldocumented associations with colon cancer (24) , lending credibility to our results. These data provide further evidence that common genetic variants in SMAD7 may confer susceptibility to colon cancer, particularly among women. More research is warranted to confirm these findings and functionally characterize the SMAD7 variants. All the three SNPs are all intronic, and if they are indeed the causal 
